Williams, Jeffery R., and John A. Payne (5, 19, 37, 39) . Under normal conditions, KCC2 uses energy stored in the K ϩ chemical gradient to drive Cl Ϫ out of the neuron. As a carrier protein, however, KCC2 is bidirectional and can mediate net ion efflux or influx, depending on the sum of the chemical potential differences across the plasma membrane for the transported ions. Because KCC2 is normally poised close to thermodynamic equilibrium, it can mediate net K ϩ and Cl Ϫ uptake whenever there are subtle elevations of external [K ϩ ] such as occurs with high neuronal activity (12, 21, 23) .
The cation selectivity of K ϩ -Cl Ϫ cotransporter (KCC) systems represents an important issue from both physiological and experimental standpoints. Most studies examining the transport properties of the KCCs as well as other members of the cation-chloride cotransporter (CCC) family have used radioisotopic Rb ϩ ( 86 Rb ϩ ) as a tracer for K ϩ . Such widespread use of this technique is not only due to the ready availability of 86 Rb ϩ and its convenient properties (i.e., high specific activity and convenient half-life) but also because it is generally accepted that Rb ϩ is transported in a similar manner as K ϩ by the CCCs. However, because Rb ϩ is not the physiologically relevant cation, it is important to confirm that Rb ϩ and K ϩ are transported to the same degree and with similar kinetic properties. Such confirmation is particularly important for KCC2 because the operation of this transporter as an effective K ϩ uptake system is dependent on it exhibiting an appropriately high transport affinity for external K ϩ . Although we and others have shown that KCC2 does indeed exhibit a high transport affinity for external Rb ϩ (K m ϳ5-9 mM; Refs. 35, 44) , no study has yet confirmed that Rb ϩ and K ϩ are transported with similar kinetic parameters by this KCC isoform.
The transport of Cs ϩ by KCC2 is important experimentally as it is often used to replace intracellular K ϩ in patch-clamp studies because it can reduce K ϩ channel activity in electrophysiological measurements. Unfortunately, Cs ϩ has been shown to alter neuronal Cl Ϫ homeostasis. For example, Thompson and Gahwiler (46) 4 ϩ on neuronal function was not due to Cl Ϫ accumulation but rather to NH 4 ϩ accumulation via KCC2, which places a continuous acid load on neurons. To date, the mechanism by which NH 4 ϩ affects KCC2 operation and elicits its effect on neuronal function still has not been clearly elucidated.
In the present study, we tested the hypothesis that the effects of Cs ϩ and NH 4 ϩ on neuronal Cl Ϫ homeostasis could be explained by their action as cation substrates on KCC2, which in turn alters the thermodynamics and/or kinetics of KCC2 operation. In addition, we tested the hypothesis that KCC2 transports Rb ϩ and K ϩ with similar kinetic parameters. For our study, we used KCC2 protein exogenously expressed in a mutant Madin-Darby canine kidney (MDCK) cell line, LK-C1, that we have previously shown is a useful expression system for CCCs (36 
METHODS
Tissue culture and stable cell line production. Low K ϩ -resistant mutant MDCK (MDCK LK-C1) cells were maintained in growth medium containing DMEM, 10% fetal bovine serum, penicillin (50 U/ml), and streptomycin (50 g/ml). The MDCK LK-C1 cell line, originally developed by McRoberts et al. (31) , lacks endogenous Na-K ϩ -Cl Ϫ cotransport activity and represents a useful expression system for the CCC proteins (36) . Cells were maintained in a humidified incubator with 5% CO 2 at 37°C.
Rat KCC2 (rtKCC2; Ref. 37 ) was stably expressed in MDCK LK-C1 cells using calcium phosphate precipitation and a previously described full-length rtKCC2 expression construct (35) . After 3 wk of growth in 900 g/ml Geneticin (GIBCO), single resistant colonies were amplified and screened by Western blot analysis (48) and by furosemide-sensitive 86 Rb ϩ influx (see Radioisotopic 86 Rb ϩ influx assay). The MDCK LK-C1 cells stably expressing rtKCC2 were maintained in growth medium containing 900 g/ml Geneticin.
Equilibrium dialysis with nystatin. Intracellular ion composition of MDCK LK-C1 cells was altered using the nystatin technique (14) . Cells were washed twice in ice-cold nystatin loading medium (solution a; see Table 1 for composition of all solutions). Nystatin prepared in DMSO (20 mg/ml stock) was added at a final concentration of 20 g/ml to cells in ice-cold nystatin loading medium. Cells were incubated for 40 min on ice with gentle rocking. To remove nystatin after attainment of equilibrium dialysis and to restore normal low ion permeability, cells were warmed to 37°C and washed 10 times in nystatin loading medium containing 0.25% bovine serum albumin (fraction V) but no nystatin. After washing, cells were then used immediately for unidirectional cation influx assays. Nystatin-treated cells were used only in experiments presented in Fig. 5 .
Radioisotopic 86 Rb ϩ influx assay. Isotopic flux experiments were conducted at 24°C on preconfluent MDCK LK-C1 cells. Cells grown on 96-well plates were washed free of growth medium and incubated 10 min in preincubation medium-Rb (solution b) containing 0.1 mM ouabain, 1 mM N-ethylmaleimide (NEM), and Ϯ2 mM furosemide. Cells were quickly washed twice and brought up in either of two flux media (solution d or e) containing 0.1 mM ouabain, 1 mM NEM, and Ϯ2 mM furosemide. A trace amount of 86 Rb ϩ was added to the flux media, and uptake was terminated at measured times by addition of Tris-buffered saline (TBS) plus 2 mM furosemide. Each well was washed seven times with TBS plus 2 mM furosemide to remove extracellular radioisotope. After washing, the cells were solubilized in 2% SDS and assayed for 86 Rb ϩ by Cerenkov radiation and for protein by using the MicroBCA method (Pierce).
Nonradioisotopic cation influx assay. Nonradioisotopic cation influxes were performed on preconfluent stable MDCK LK-C1 KCC2 cells grown in 12-well plates. Cells were preincubated for 10 min in preincubation medium-K (solution c). After a brief wash, cells were incubated in a third flux medium (solution f) containing 0.1 mM ouabain, 1 mM NEM, and Ϯ2 mM furosemide. Preliminary experi-ments revealed that nonradioisotopic cation influxes were linear for at least 15 min in the presence of 50 mM external cation; thus we used 10-min influx measurements to obtain initial rates. After 10 min, influx was terminated by a quick wash in TBS containing 2 mM furosemide, followed by three rapid washes in cold isotonic sucrose solution to remove all extracellular cations that would otherwise lead to large background signals in the subsequent ion chromatography measurement. Cells were lysed in 500 l of deionized water and sonicated briefly. A 100-l lysate sample was used to measure total protein (MicroBCA assay). The remaining 400 l were placed in a 1.5-ml microtube and spun at 14,000 rpm to pellet any cell debris. Supernatant was loaded on a Dionex DX500 equipped with a CS14 column for cation quantitation (Rb ϩ , K ϩ , and Cs ϩ ). Intracellular pH measurements. MDCK LK-C1 cells stably expressing KCC2 and untransfected MDCK LK-C1 cells were grown overnight in growth medium on collagen-coated 25-mm round coverslips. Before imaging, coverslips were rinsed once with imaging medium (solution g) and then loaded with 2Ј,7Ј-bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF; 2 M in imaging medium) for 30 min at 24°C. After dye loading, coverslips were rinsed four times with imaging medium and mounted onto a Warner RC-21B perfusion chamber connected to a six-valve perfusion control system. Cells were visualized with a Zeiss Axiovert S100 inverted microscope with a ϫ63 oil objective. Baseline ratios were collected at 15-s intervals by exciting BCECF alternately with light at wavelengths of 490 and 440 nm. Emitted fluorescence was detected at a wavelength of 530 nm. Excitation wavelengths were selected with a DX-1000 optical switch (Solamere Technology Group), and images were captured with an intensified charge-coupled device camera (Stanford Photonics). Acquisition and analysis were performed with Openlab (Improvision) using a Apple Macintosh G4 computer. Imaging data were collected on groups of 6 -10 cells. Cells were rapidly alkalinized by exposure to NH 4 ϩ /NH3 solution in which 2-30 mM NH4Cl replaced an equivalent amount of NaCl in the imaging medium. In Cl Ϫ -free experiments, we used methane sulfonate (MSA) to replace Cl Ϫ in the imaging medium, and cells were alkalinized with 10 mM NH4-MSA replacing an equivalent amount of Na-MSA. Calibration of the BCECF signal was performed at the end of each experiment by using 10 M nigericin in high-K ϩ calibration buffer (solution i) at pH 4.0 or 10.0. The pKa value used for BCECF was 7.0, and the pHi was calculated according to pH ϭ pKa Ϫ log (Rmax Ϫ R)/(R Ϫ Rmin).
Determination of intrinsic buffer capacity. Intrinsic buffer capacity of MDCK LK-C1 cells expressing KCC2 was determined over the range of pH i observed in our study (6.5-8.0 ) by using a modification of the NH 4 ϩ prepulse method described by Boron and colleagues (9, 40) . Briefly, cells were perfused in a stepwise fashion with media containing decreasing concentrations of external NH 4Cl (10, 4, 2, 1, and 0.5 mM), and the change in pHi was measured for each change in ϩ ]i/⌬pHi) and was found to vary with pHi in a linear fashion. The buffer capacity (average Ϯ SD) of 13 cells from two different cell preparations was 8.4 Ϯ 2.0 mM/pH i unit at pHi 7.0. The best-fit line to the data from each cell gave an average slope of Ϫ9.7 Ϯ 3.5 mM/(pHi unit) 2 . Statistically, this buffer capacity was not significantly different from that found for the parent cell line, MDCK LK-C1, which exhibited an average value of 9.9 Ϯ 1.1 mM/pH i unit at pHi 7.0 Table 1 . pHi was monitored at 5-s intervals after addition of competition medium. The initial rate of acidification (⌬pHi/⌬t) associated with NH 4 ϩ uptake was calculated from the linear portion of the pHi recovery, generally within the first 50 s after addition of competition medium. The rate of NH 4 ϩ uptake was calculated as the product of the rate of change in pHi (⌬pHi/⌬t) and the intracellular buffer capacity. After 200 s, cells were switched back to imaging medium and the pHi was allowed to return to baseline. The return to baseline pHi was monitored at 15-to 20-s intervals and was variable in duration. A similar procedure was performed for each of the different [Rb ϩ ] and [K ϩ ] competition media in sequential fashion as shown in Fig. 8A . At the conclusion of each experiment, the cells were again perfused with 0 mM competing cation (Rb ϩ or K ϩ ) in the presence of 250 M furosemide. The NH 4 ϩ uptake in this latter measurement was taken as the furosemide-insensitive NH 4 ϩ flux and was subtracted from each of the previous measurements to obtain the rate of furosemide-sensitive or KCC2-mediated NH 4 ϩ uptake. The KCC2-mediated NH 4 ϩ uptake rates in each of the different competing cation concentrations were normalized to the maximal rate in the absence of competing cation and presented as percent uninhibited initial velocity in Fig. 8B .
Protein analysis. Membranes were prepared from cultured cells by differential centrifugation as previously described (35, 36) . Protein concentrations were determined using the MicroBCA protein kit (Pierce). Membrane proteins were resolved by SDS-PAGE using a 7.5% Tricine gel system. Gels were electrophoretically transferred to polyvinylidene difluoride (PVDF) membranes (Immobilon P; Millipore) in transfer buffer (192 mM glycine, 25 mM Tris-Cl, pH 8.3 , and 15% methanol) for Ͼ5 h at 50 V by using a Bio-Rad Trans-Blot tank apparatus. The PVDF membrane with bound protein was visualized by staining with Coomassie brilliant blue R-250. The PVDF membrane was then blocked in PBS-milk (7% nonfat dry milk and 0.1% 
RESULTS

Heterologous expression of KCC2 in a mutant MDCK cell line.
We studied the operation of KCC2 using exogenously expressed protein in a mutant MDCK cell line, LK-C1 (31). This particular mutant MDCK cell line exhibits little measurable furosemide-sensitive 86 Rb ϩ influx and was originally described as a functional "knockout" for the Na (Fig. 2 ) to obtain kinetic constants (K m and V max ; summary data shown in Table  2 ). Because these data were not paired between the different cations, V max values cannot be directly compared between the different cations. Significant variation was observed in furosemide-sensitive 86 Rb ϩ influx rates because exogenous KCC2 protein expression levels tended to decrease as the stable cell line was propagated. Such a kinetic approach, however, permitted us to identify clearly those cations that were competitive inhibitors of furosemide-sensitive 86 Rb ϩ influx and, thus, likely KCC2 transport substrates. In general, competitive inhibitors increase the K m for the substrate without altering V max . As shown in Fig. 2 ], respectively ( Fig. 4 and Table 3 ). As we noted above in Fig. 3 (Table 3) . These data clearly indicate that although Cs ϩ is transported by KCC2, it represents a poor substrate as exemplified by its low V max -to-K m ratio.
Kinetics of K
ϩ transport by KCC2 . As with our analysis of Cs ϩ transport by KCC2, we examined the kinetics of KCC2-mediated K ϩ transport using ion chromatography to detect K ϩ uptake in KCC2 expressing cells. To accurately determine unidirectional K ϩ influx using this technique, however, it was necessary to replace intracellular K ϩ with an alternate cation by using an equilibrium dialysis method that employs the polyene antibiotic nystatin to induce high membrane conductance for monovalent ions (10). In preliminary experiments, we determined that normal cell volume could be maintained in the presence of nystatin by using 40 mM sucrose in the loading solution (data not shown). As shown in Fig. 5A , we could replace intracellular K ϩ as the major intracellular cation with Rb ϩ using this technique. In these experiments, we prepared both high-Rb ϩ and high-K ϩ cells to compare K ϩ and Rb ϩ uptake in nystatin-treated cells. It should be pointed out that nystatin-treated cells were also loaded with elevated [Cl Ϫ ] given that we used 130 mM KCl or RbCl in the loading solutions. After equilibrium dialysis with the loading solutions, we removed nystatin from the plasma membrane by repeated washing of cells in loading solution lacking nystatin but containing 0.25% bovine serum albumin. Figure 5B shows the time course of 86 Rb ϩ influx in untreated cells and in cells that underwent equilibrium dialysis with subsequent removal of Table 3 (intact cells). nystatin from the plasma membrane. The fact that the furosemide-insensitive component of 86 Rb ϩ influx is similar to that of untreated cells confirms removal of nystatin from the plasma membrane and restoration of normal low ion permeability. Interestingly, we noted that nystatin-treated cells consistently exhibited much greater rates of furosemide-sensitive 86 Rb ϩ influx than did untreated control cells (Fig. 5B) . The significance of this finding is presented in the DISCUSSION. Using ion chromatography, we determined the kinetics of furosemide-sensitive Rb ϩ and K ϩ influx in paired experiments on nystatin-treated cells. As shown in Table 3 , the transport affinity K m exhibited by KCC2 for external Rb ϩ was not significantly different between intact cells and nystatin-treated cells, indicating that nystatin treatment does not alter this kinetic parameter. In nystatin-treated cells, in which paired KCC2-mediated K ϩ and Rb ϩ influxes were measured, we found that KCC2 exhibits similar transport affinities for external K ϩ and external Rb ϩ ( Fig. 5C and Table 3 ). In contrast, the V max of furosemide-sensitive K ϩ influx was ϳ20% greater than that of furosemide-sensitive Rb ϩ influx.
Is ammonium a transport substrate of KCC2?
We tested the hypothesis that NH 4 ϩ was a transport substrate of KCC2 by monitoring pH i acidification associated with net NH 4 ϩ uptake after an acute NH 4 ϩ -induced alkaline load. The MDCK LK-C1 cells expressing KCC2 were loaded with the fluorescent pHsensitive dye BCECF, and changes in pH i of single cells were monitored by fluorescence microscopy. As shown in Fig. 6A , applying 30 mM NH 4 ϩ to the medium of KCC2 expressing cells caused a rapid pH i increase (from a to b, due to entry of the weak base NH 3 ) followed by a slower pH i recovery (from b to c, due to entry of acidic NH 4 ϩ via transport mechanisms). The initial slope from b to c can be used to determine the rate of NH 4 ϩ uptake (dpH/dt). We observed varying levels of NH 4 ϩ transport in the KCC2 stable cells, and the initial rates of pH i recovery from the population were well fit to a single Gaussian distribution (Fig. 6, A and B) . If KCC2 transports NH 4 ϩ , we hypothesized that the varying levels of NH 4 ϩ transport were due to differences in KCC2 protein expression among the population of cells. To correlate the level of NH 4 ϩ transport with KCC2 protein expression in the same set of cells, we first measured the initial rates of pH i recovery and then performed immunocytochemistry on the cells in situ within the perfusion chamber using our KCC2 antibodies (48). After photobleaching the BCECF fluorescence, we applied fixation and immu- Table 3 (nystatin-treated cells).
nostaining solutions directly through the perfusion system while maintaining the original visual field. In Fig. 6C , we compare the BCECF fluorescence and the KCC2 immunofluorescence of the same two cells used to obtain the pH i tracings presented in Fig. 6A . We quantified KCC2 protein expression as pixel intensity (arbitrary units) within the same region of interest chosen for the pH i measurements. As shown in Fig. 6D for a population of 29 cells, we observed a good correlation between the initial rate of pH i recovery and KCC2 protein expression. Figure 6D also shows the initial rate of pH i recovery of untransfected MDCK LK-C1 cells and of the two cells imaged in Fig. 6 , A and C. Those cells from the KCC2 stable population that showed little KCC2 protein expression also exhibited low initial rates of pH i recovery similar to those observed for the untransfected cells. These data clearly demonstrate that KCC2 can mediate NH 4 ϩ transport. Some of the variability we observed in the correlation between KCC2 function and protein expression in Fig. 6D is no doubt due to the fact that we are not quantifying surface KCC2 protein expression but rather total cellular protein expression. Nonetheless, the correlation is remarkably strong. Because there are cells from the KCC2 stable population that exhibited low pH i recovery rates similar to those of untransfected cells, we used these "low expressers" as internal controls in subsequent experiments.
Confirmation that KCC2 was indeed mediating much of the NH 4 ϩ uptake in the KCC2-expressing cells was obtained by showing that NH 4 ϩ uptake after an acute alkaline load was significantly inhibited by furosemide (250 M), by bumetanide (200 M; data not shown), and by removal of external [Cl Ϫ ] (Fig. 7) . Significantly, the inhibition of KCC2-mediated NH 4 ϩ uptake by furosemide was fully reversible, consistent with the action of furosemide as a high K d diuretic that rapidly dissociates from CCCs in less than a minute (Fig. 7A) .
We examined the degree of inhibition exhibited by Rb ϩ and K ϩ at a fixed [NH 4 ϩ ] of 10 mM. As expected for competitive inhibition, the rate of NH 4 ϩ influx decreased as the concentration of competing cation increased (Fig. 8) . In the case of K ϩ , the pH i recovery rate reached half maximal at ϳ15 mM, whereas for Rb ϩ , the half-maximal rate was attained at ϳ9 mM. The data for K ϩ inhibition of KCC2-mediated NH 4 ϩ transport are remarkably similar to our earlier findings in Table  2 , from which we calculated the K i for the effect of external K ϩ on Rb ϩ transport to be 12.7 mM. Thus it appears that K ϩ has a weaker inhibitory effect on KCC2 transport than either Rb ϩ or NH 4 ϩ , implying that Rb ϩ and NH 4 ϩ are more similar in their interaction with KCC2 than K ϩ . The similarity between Rb ϩ and NH 4 ϩ as cation substrates for KCC2 is further supported by the fact that both of these cations are nearly equivalent in their ability to inhibit each others transport by KCC2 (Table 2 and Figs. 2C and 8B ).
DISCUSSION
In this study, we examined cation transport by KCC2 using an heterologous expression system in which transport kinetics could be accurately determined. We found that Na ϩ and Li 
-Cl
Ϫ cotransport in other mammalian red blood cells (15, 25) . Our kinetic analysis using nystatin-treated cells to measure KCC2-mediated K ϩ and Rb ϩ influx in paired experiments revealed only minor kinetic differences between these two cations. In contrast to what was observed for KCC in red blood cells, we observed a ϳ20% greater V max for K ϩ transport than for Rb ϩ transport by KCC2 (Table 2 and Fig. 5 ). The reason for this difference is unknown but may be related to functional differences between KCC isoforms because the KCC present in mammalian red blood cells is likely KCC1 and/or KCC3. Although the K m for external K ϩ (9.84 Ϯ 0.83 mM; n ϭ 5) was slightly greater than that observed for external Rb ϩ (7.94 Ϯ 2.03 mM; n ϭ 5), these values were not statistically significantly different. Thus we concur with Jennings and Adame (22) that although the available data indicate that Rb ϩ and K ϩ transport by the KCCs are not kinetically identical, the differences for the most part are relatively minor, and Rb ϩ can be used with confidence as an appropriate indicator of K ϩ transport on the K ϩ -Cl Ϫ cotransporters. We found that the nystatin-treated cells exhibited a significantly greater rate of furosemide-sensitive 86 Rb ϩ influx than that observed for untreated control cells (Fig. 5B) . This comparison is valid because the two treatment groups were paired. The main difference between these two groups is the fact that the nystatin-treated cells likely had greatly elevated [ Ϫ fluxes by KCC using the gramicidinperforated patch technique does not permit one to make firm conclusions about how these cations interact with the transporter. The advantage of the kinetic analyses we performed in the present study is that one can more closely examine the interaction of cations with the cotransporter and make firmer conclusions about the nature of those interactions. In the case of Na ϩ and Li ϩ , it is clear that neither ion interacts with the cation transport site of KCC2 as shown by the overlapping Michaelis-Menten plots ( Fig. 2A) . In contrast to the findings of Kakazu et al., however, we found that Cs ϩ was indeed a The application of NH 4 ϩ salts or the excess production of endogenous NH 4 ϩ as a result of a metabolic error or liver failure has long been associated with seizure activity (2, 6, 43) . Although numerous studies have attempted to explain this proconvulsant effect of NH 4 ϩ , Lux et al. (29) were the first to report the most plausible explanation. In cat spinal motoneurons, they demonstrated that NH 4 ϩ salts dramatically and reversibly reduced synaptic inhibition by diminishing the driving force for the IPSP. Similar observations have since been reported for other neuronal preparations (1, 20, 27, 32, 33, 38) . Synaptic inhibition is critical to the normal operation of the brain, and any condition that reduces its effectiveness will promote seizure activity (e.g., epilepsy). Lux (28) cotransport modes are quite different. As with any electroneutral ion transporter, the thermodynamic driving force of KCC2 is determined by the sum of the chemical potential differences of the transported ions. In the case in which two substrate cations compete for the same transport site, each transport mode must be considered as a separate transport event subject to its own thermodynamic driving force. In other words, once a cation and an anion are bound to the transporter, only their chemical potential differences need be considered to derive the thermodynamic force driving that transport event. It is inappropriate to combine the two chemical potential differences for the cations into a single term as performed by Liu et al. ( From Eq. 3, it becomes immediately apparent that the driving force for the ACC cotransport mode does not strictly depend on the concentration of NH 4 ϩ in the system but rather on the difference between the pH i and pH o . Using normal physiological extracellular and intracellular ion concentrations for a mature neuron, one can easily demonstrate that the thermodynamic driving forces of the two cotransport modes exhibit opposite polarity, i.e., the KCC mode is a net Cl Ϫ extruder, whereas the ACC cotransport mode is a net Cl Ϫ accumulator. In Fig. 9 4 ϩ will compromise Cl Ϫ extrusion by KCC2, resulting in significant cellular Cl Ϫ loading. Such a mechanism can explain the positive shifts in E GABA and E glycine that are observed in the presence of these two monovalent cations.
